The use of thermography as a means of crop water status estimation is based on the assumption that a sufficient amount of soil moisture enables plants to transpire at potential rates resulting in cooler canopy than the surrounding air temperature. The same principle is applied in this study where the crop transpiration changes occur because of the fungal infection. The field experiment was conducted where 25 wheat genotypes were infected with Zymoseptoria tritici. The focus of this study was to predict the onset of the disease before the visual symptoms appeared on the plants. The results showed an early significant increase in the maximum temperature difference within the canopy from 1 to 7 days after inoculation (DAI). Biotic stress associated with increasing level of disease can be seen in the increasing average canopy temperature (ACT) and maximum temperature difference (MTD) and decreasing canopy temperature depression (CTD). However, only MTD (p ≤ 0.01) and CTD (p ≤ 0.05) parameters were significantly related to the disease level and can be used to predict the onset of fungal infection on wheat. The potential of thermography as a non-invasive high throughput phenotyping technique for early fungal disease detection in wheat was evident in this study.
Introduction
Wheat is a staple food for about two billion people in the world [1] . Yield losses in agricultural production are caused by several biotic and abiotic stresses. Abiotic stresses such as frost, salinity, heat, and drought contribute to about more than 50% yield loss and are identified as the primary cause of yield loss worldwide [2] [3] [4] . Biotic factors such as pests and diseases also cause substantial damage to the crops. For example, in wheat, yield loss caused by diseases varies between 14 and 27%, depending on the different diseases and region [5] . High yield losses are mostly observed in susceptible genotypes, which usually display high disease severity [6] . The most common fungal diseases in temperate wheat growing regions are leaf rust (Puccinia triticina), stripe or yellow rust (P. striiformis), Fusarium head blight (Fusarium spp.), powdery mildew (Blumeria graminis), and Septoria tritici blotch (Zymoseptoria tritici) [7] .
The symptoms of fungal infection usually appear after a certain period of time depending on weather conditions. Early detection and diagnosis of plant pathogens can provide adequate information to predict the onset of disease and adequate measures can be taken to protect the crop before the disease is widespread [8] . There is a need for an advanced technique for rapid, accurate, and reliable detection of plant diseases especially at the time when symptoms are not yet visible on the crop [9] . Though studies have been conducted to apply imaging technologies such as fluorescence
Material and Methods

Experimental Setup and Wheat Varieties
Twenty-five wheat varieties were planted in the field at Stuttgart-Hohenheim in a split-plot design with three replications. The main plots consisted of the two treatments (non-inoculated, artificially inoculated by Z. tritici) that were arranged in a complete randomised block design, the subplots of the 25 wheat varieties were randomized according to a 5 × 5 lattice design. Each plot was sown by 60 seeds in two rows 1.2 m long with a distance of 0.21 m between rows resulting in an area of 0.5 m 2 per variety. Each main plot was separated by a strip of tall-growing winter triticale ("Cando") to prevent the spreading of the pathogen by spray drift during inoculation or secondary spore production. Likewise, a strip of winter rye around the experimental field as a border was planted.
The seeds were sown on 6 October 2011 by using a small tractor with a planter. No irrigation was applied throughout the growing period, as precipitation was sufficient to meet the crop water requirement. The selection of wheat varieties was done by the State Plant Breeding Institute, University of Hohenheim. In Table 1 the varieties were marked according their resistance against Z. tritici as classified by the German Federal Plant Variety Office [22] . Table 1 . Tested wheat varieties and their susceptibility to Z. tritici as classified by the German Federal Plant Variety Office (Bundessortenamt, 2012); 1 = low susceptibility, 9 = high susceptibility, n.i. = no information.
Variety
Country of Origin Susceptibility
Akratos G 5 Apache F n.i. Arina CH n.i. Batis G 4 Biscay G 7 Bussard G 7 Cubus G 6 Dream G n.i. Egoist G 4 F201-R ROM n.i. Florett G n.i. History G n.i. Impression G 4 Julius G 3 MES130 C n.i. Meteor G 4 Naturastar G 6 Nelson G 3 Pamier G 3 Rubens G n.i. Sailor G 5 Skalmeje G 4 Solitär G n.i. Toras G 4 Tuareg G 5 C = China, CH = Switzerland, F = France, G = Germany, ROM = Romania.
Inoculation with Z. tritici
Fungal spores were collected from infected wheat leaves, which were shaken before inoculation to remove the old spores. To prepare a medium for inoculation, Z. tritici was cultivated on culture medium made of 4 g yeast extract, 4 g malt extract (powdered), 4 g of glucose, 15 g of agar-agar, and 1000 mL distilled water. After autoclaving at 120 • C for 20 min the agar was poured into petri dishes and cooled down. For propagation, Z. tritici was placed on agar and exposed to white-and UV-light (16 h daytime at 18 • C and 8 h night time at 12 • C) for 3-5 days of incubation. For the mass reproduction of Z. tritici 150 mL fluid culture, made of 4 g yeast extract, 4 g malt extract, 4 g glucose, and 1000 mL distilled water, was added into a 300 mL Erlenmeyer flask and closed with an aluminium foil at 120 • C for 30 min. When the medium had cooled after autoclaving, Z. tritici was taken by an inoculation loop from the plate on which the spores were well developed and brought into the Erlenmeyer flask. The flask was placed on a shaker for 5 days under white-and UV-light in the same condition as mentioned above. The spores were counted and adjusted to a concentration of 5 × 10 6 spores/mL and later used for inoculation. Finally, inoculation of Z. tritici was done for all varieties on 21 May 2012 in the field. Spores were than sprayed on the fully developed flag leaves of the wheat plants by using a knapsack sprayer with a constant air pressure.
Acquiring Thermal Images
An infrared camera (VarioCAM ® , InfraTec GmbH, Dresden, Germany) was used for thermal imagining. Images were acquired from 17 May until 28 June 2012 between 13:00 and 14:00 to minimize the influence of changing solar angle. Images were taken only on the sunny days when transpiration Agriculture 2019, 9, 139 4 of 11 rate of the crop was high. Each thermal image comprised two wheat varieties as shown in Figure 1A ,B. The thermal images were analysed using thermography software IRBIS (InfraTec GmbH, Dresden, Germany) and the chosen value for emissivity was 0.95. To differentiate between canopy and soil surface, an upper temperature threshold was defined and pixels with higher temperature were excluded by image processing, Figure 1C . A polygon was manually drawn along the canopy area for each variety representing the crop temperature, Figure 1D . The average crop temperature (ACT) was calculated from the pixels within the canopy polygon and calculated as
The maximum temperature difference (MTD) within the canopy polygon for each variety was calculated as
The canopy temperature difference (CTD) was defined as
where, air temperature T air was measured by the weather station installed at the station.
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Visual Scoring
The visual scoring was done by an experienced staff on plot basis. Septoria tritici blotch was scored according to the severity of symptoms observed on the flag leaf and ranged between 0% and 100%. Visual scoring was done on 13 June (23 DAI), 18 June (28 DAI), 21 June (31 DAI), 25 June (35 DAI), 28 June (38 DAI), and a last time at 3 July (43 DAI).
Data Analysis
SPSS version 16.0 for Windows (SPSS Inc., Chicago, IL, USA) was used for analysis of variance (ANOVA) to evaluate the effect of Z. tritici infection on ACT, MTD, and CTD. A linear regression analysis was performed between the disease level and ACT, MTD, and CTD for the last day of the experiment (DAI 38) across all varieties. Furthermore, a t-test for mean comparison was conducted individually for each variety to determine the date when the first significant difference of ACT, MTD, and CTD to control appeared at a least significant level of 0.05. 
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Data Analysis
SPSS version 16.0 for Windows (SPSS Inc., Chicago, IL, USA) was used for analysis of variance (ANOVA) to evaluate the effect of Z. tritici infection on ACT, MTD, and CTD. A linear regression analysis was performed between the disease level and ACT, MTD, and CTD for the last day of the experiment (DAI 38) across all varieties. Furthermore, a t-test for mean comparison was conducted individually for each variety to determine the date when the first significant difference of ACT, MTD, and CTD to control appeared at a least significant level of 0.05. Figure 2 shows summarized results across all varieties at the last day of the experiment (38 DAI). The percentage of Z. tritici disease levels on inoculated plants was higher than the control treatment. At the end of the experiment, all the wheat varieties were Z. tritici infested irrespective of their susceptibility level to the disease. Variety "Solitär" proved to be the most Z. tritici resistant showing only 18% of disease level whereas, variety "MES130" showed the highest disease level of 93%. ACT of the Z. tritici inoculated group showed a 2.3 • C higher value than the control group, which was highly significant (p ≤ 0.001). MTD of Z. tritici treatment was 1.4 • C higher than that of the control group (p ≤ 0.001). CTD from Z. tritici treatment was below zero for all the varieties except of "Solitär" and "Toras", showing values of 0.27 • C and 0.22 • C. In contrast, CTD for the control treatment was always above zero. The difference of means between treatment and control was significant (p ≤ 0.001).
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Temperature Effects Related to Disease Level for 25 Wheat Varieties
ACT, CTD, and MTD on the last day of the experiment were plotted against disease level of the varieties as shown in Figure 3 . It can be observed that ACT and MTD increased as the disease level increased, whereas CTD decreased with the disease severity. A stepwise regression analysis showed that CTD and MTD are the only parameters which can be used to explain the diseases level in all 25 wheat varieties. The significance level of MTD was however higher (p ≤ 0. 
Temperature Effect on Wheat Varieties
As shown in Table 2 , ANOVA test was conducted to compare the difference between the control and Z. tritici treatments in terms of CTD and MTD. It was observed that throughout the experiment the Z. tritici treatment had lower CTD than the control group and 12 varieties out of 25 showed significant difference at 0.05 levels. Before inoculation MTD of the control treatment was lower than the Z. tritici treatment however, these differences were not statistically significant. Later, after inoculation from 2 DAI till 28 DAI significant differences were observed in most of the varieties. An early significant difference in CTD and MTD were observed, this shows that these parameters can describe the health of the plant long before the naked eye observed. 
As shown in Table 2 , ANOVA test was conducted to compare the difference between the control and Z. tritici treatments in terms of CTD and MTD. It was observed that throughout the experiment the Z. tritici treatment had lower CTD than the control group and 12 varieties out of 25 showed significant difference at 0.05 levels. Before inoculation MTD of the control treatment was lower than the Z. tritici treatment however, these differences were not statistically significant. Later, after inoculation from 2 DAI till 28 DAI significant differences were observed in most of the varieties. An early significant difference in CTD and MTD were observed, this shows that these parameters can describe the health of the plant long before the naked eye observed. Table 2 . ANOVA test between non-inoculated and Z. tritici treatment on the last day of the field experiment (38 DAI), difference in canopy temperature difference (CTD), maximum temperature difference (MTD) and the maximum difference from control treatment (DAI = days after inoculation). -Not significant, * Significant at 0.1 levels, ** Significant at 0.05 levels, *** Significant at 0.01 levels.
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Temporal Development of Disease Level and Temperature Effects
The development of CTD, MTD, and disease level is displayed in Figure 4 . Two varieties were selected, viz. the one with the highest and the one with the lowest difference from the control during the experimental study. The variety "Dream" had the highest ∆CTD value with a twice-higher disease level (20%) at the end of the experiment than that of Julius (10%), which had the lowest value in ∆CTD. The CTD of the control treatment was clearly higher than that of the Z. tritici treatment throughout the experimental study of both varieties, i.e., "Dream" and "Julius".
selected, viz. the one with the highest and the one with the lowest difference from the control during the experimental study. The variety "Dream" had the highest ∆CTD value with a twice-higher disease level (20%) at the end of the experiment than that of Julius (10%), which had the lowest value in ∆CTD. The CTD of the control treatment was clearly higher than that of the Z. tritici treatment throughout the experimental study of both varieties, i.e., "Dream" and "Julius".
The variety "Impression" had the lowest value of ∆MTDmax and has nearly more than doubled the disease level (35%) of variety "Akratos" (15%) which was the highest in ∆MTDmax. Even though the variety "Akratos" has a similar resistance level as the variety "Impression" according to Bundessortenamt (2012) in Table 1 , in Z. tritici treatment, the MTD parameter of varieties "Akratos" and "Impression" had a similar trend up to 4 DAI. However, from 5 DAI onwards, the MTD of variety "Impression" was always higher than that of variety Akratos until the end of the experiment. Though it can be seen that the difference of MTD between the varieties was not very high, it did range between 0.27 °C and 0.53 °C. In addition, the MTD parameter of the Z. tritici was always higher than that of the control treatment in both varieties throughout the experiment. 
Discussion
In this paper, Infrared thermography as a useful tool for early fungal disease detection in winter wheat was studied. Significant differences in ACT, CTD, and MTD between Z. tritici and control treatment were observed. It was interesting to find out that a significant difference in CTD, MTD was observed within a week from inoculation (Table 1) which is far earlier than the disease symptoms appeared on the plant. This is due to the fact that Z. tritici can germinate within 12 h and penetrate through stomata within 24-48 h after coming in contact depending on the climatic conditions [19] . Robert et al. [20] observed the chlorotic symptoms of Z. tritici on the flag leaves from 10 DAI and on The variety "Impression" had the lowest value of ∆MTD max and has nearly more than doubled the disease level (35%) of variety "Akratos" (15%) which was the highest in ∆MTD max . Even though the variety "Akratos" has a similar resistance level as the variety "Impression" according to Bundessortenamt (2012) in Table 1 , in Z. tritici treatment, the MTD parameter of varieties "Akratos" and "Impression" had a similar trend up to 4 DAI. However, from 5 DAI onwards, the MTD of variety "Impression" was always higher than that of variety Akratos until the end of the experiment. Though it can be seen that the difference of MTD between the varieties was not very high, it did range between 0.27 • C and 0.53 • C. In addition, the MTD parameter of the Z. tritici was always higher than that of the control treatment in both varieties throughout the experiment.
In this paper, Infrared thermography as a useful tool for early fungal disease detection in winter wheat was studied. Significant differences in ACT, CTD, and MTD between Z. tritici and control treatment were observed. It was interesting to find out that a significant difference in CTD, MTD was observed within a week from inoculation (Table 1) which is far earlier than the disease symptoms appeared on the plant. This is due to the fact that Z. tritici can germinate within 12 h and penetrate through stomata within 24-48 h after coming in contact depending on the climatic conditions [19] . Robert et al. [20] observed the chlorotic symptoms of Z. tritici on the flag leaves from 10 DAI and on the second leaves on 15 DAI. Plants resist the invasion of these pathogens by adopting various mechanisms such as reinforcing the cell wall, and producing compounds and inhibitors as a resistance reaction [23] . These processes could affect some of the physiological processes and could cause stress on the plant [24] . The chlorotic and necrotic symptoms of Z. tritici leads to a reduction in leaf photosynthesis [20] . However, how early the significant difference in CTD and MTD appeared was not related to the susceptibility level of wheat varieties. It agrees with the finding of Kema et al. [25] who found out that the spore germination is not influenced by the susceptibility of wheat varieties.
A decrease in CTD of Z. tritici treatment occurred as the disease level increased (Figure 3 ) which is caused by the reduction in the photosynthetic activity. This is in line with the results of Rosyara et al. [26] who mentioned that the stress from spot blotch caused by Cochliobolus sativus lead to a decrease in CTD because of the reduction in photosynthetic activity in infected plants whose green area is less than the healthy leaves. In addition, the invasion of these pathogens could negatively affect transpiration [27, 28] . Reduction in the transpiration rate will result in higher temperature, and this could account for the reason why most of the wheat varieties showed significant differences in CTD and MTD towards the end of the experiment. Similarly, Shtienberg [28] mentioned that the colonisation and the level of damage caused by the fungi results in the reduction of photosynthesis and transpiration, and reduced transpiration would lead to a rise in the canopy temperature. The highest correlation of R 2 = 0.6 ( Figure 3 ) was found between disease severity and MTD. This implies that the parameter MTD can be used as an indicator of early detection of Z. tritici in winter wheat. Also Oerke et al. [29] found out a strong correlation (R 2 = 0.8) between MTD and diseased severity of cucumber with inoculation of Pseudoperonospora cubensi. In our study the result of stepwise regression showed that only MTD and CTD parameters are related with the disease level with R 2 = 0.7 (Equation (7)). This is better than only considering one parameter for the prediction of disease level of Z. tritici. However, the reliability of CTD and MTD for evaluating the disease severity depends on the environmental conditions. CTD is related to ambient VPD and net radiation according to the energy balance model [30] . MTD of the leaf is also influenced by the environmental conditions such as ambient temperature and relative humidity which have an effect on the transpiration and hence on the leaf surface temperature distribution. In addition, as the disease severity increased, the CTD and MTD parameters of the healthy (control) and Z. tritici treatment became more prominent (Figure 4 ). This can be explained by the relationship between CTD and transpiration rate [31] . As the transpiration rate of the infected treatment decreases, the canopy temperature increases.
Conclusions
In this study, all the wheat varieties with Z. tritici showed significant differences in ACT, CTD, and MTD compared to the healthy plants (control) throughout the study period. However, only CTD and MTD parameters were significantly related to the disease level and therefore, can be used to predict the onset of fungal disease. The results showed that in some varieties, the earliest disease symptoms according to the MTD parameter could be determined as early as 3 DAI (p ≤ 0.01). Similarly, according to the CTD parameter, the earliest disease symptom was found as early as 4 DAI (p ≤ 0.01). However, in the same varieties, the first visual symptoms appeared 23 DAI. Hence, it can be concluded that thermography can be used as high throughput to accelerate monitoring of fungal disease in the field. When mounted on a drone, breeders could highly benefit from thermography for selecting disease-resistant varieties from thousands of progenies in a high-throughput manner. Funding: This work is financially supported by Deutsche Forschungsgemeinschaft (DFG), Bonn Germany.
